We present some of the recent projects at CINT that aim at active, tunable and nonlinear metamaterials. This is achieved by combining far and mid infrared planar metamaterials with semiconductors, superconductors and other materials.
Introduction
Planar metamaterials (or "metafilms") offer a promising platform for new types of active optical devices. Resonances in these metamaterial structures can be scaled by geometry and their spectral response is exquisitely sensitive to the local dielectric environment which can be changed using a number of tunable dielectrics. Here we present a few examples of active and tunable metamaterials operating from the far-infrared (THz) to the midinfrared that exemplify the integration of fabricated resonator structures with other functional materials.
Strong coupling between infrared metamaterials to electronic and vibronic excitations
Planar metamaterial resonators can interact strongly with various dipole resonances when these two are in close proximity. An example of this strong coupling is shown in Fig. 1 (a-e): Infrared phonons in dielectrics (such as SiO 2 ) placed in proximity with metamaterial resonators can couple strongly, leading to normal mode splitting similar to vacuum-Rabi splitting that occurs with optical emitters coupled to microcavities. The amount of coupling can be altered through the design of the metamaterial resonators, the proximity of the dielectric layer to the resonator, the dielectric film thickness, and the amount of field overlap with the dielectric layer. Another example of this strong coupling and the integration theme is shown in Fig. 1(f-g) . Two-dimensional metallic meta-surfaces are fabricated on top of a semiconductor heterostructure designed with an intersubband Phonon Intersubband (f (g transition (IST) near ~10um. [2] Both structures, the MM and ISTs, were optimized for maximum interaction. The MM rotates the incoming polarization in the near-field making it compatible with the IST selection rules. When the metamaterial resonance and quantum-well transition overlap, the two lines anti-cross with a characteristic splitting of ~3.6 THz, corresponding to 15% of the central frequency. In the talk, I will discuss some of the theoretical aspects of "ultra-strong coupling", scalability issues, the use of different semiconductor designs and bias tuning.
Tunable and nonlinear high-temperature superconducting metamaterials
Metals provide high conductivity that lead to a strong resonant response in metamaterial structures; however, these constituent materials do not allow tunability. The complex conductivity in high-temperature superconducting films is highly sensitive to external perturbations, which provides new opportunities in achieving tunable metamaterials.
We have experimentally demonstrated thermally [3] and optically [4] tunable planar terahertz metamaterials, where the metal resonators are replaced with high-temperature superconducting resonators, i.e. YBCO split-ring resonators (SRRs). The superconducting Cooper pairs are broken to a quasiparticle state by increasing temperature or by exposing the SRRs to near-infrared femtosecond laser pulses, which dramatically modify the imaginary part of the complex conductivity and consequently the metamaterial resonance. We observed resonance switching accompanied with interesting frequency tuning as a function of temperature or photoexcitation fluence, which also strongly depend on the thickness of the superconducting films. Very recently we observed a nonlinear terahertz response of the YBCO SRR arrays. Intensity-dependent transmission measurements indicate that the resonance strength decreases dramatically (i.e. transient bleaching) and the resonance frequency shifts as the intensity is increased. Pump-probe measurements confirm this behaviour and reveal dynamics on the few-picosecond time scale. 
